Glyphosate is the most widely used herbicide in the world. In sugarcane, it is used as a herbicide when applied at its field rate, but it is also used as ripener when applied as low doses. However, the effects of glyphosate on plant metabolism and sugarcane growth are not fully understood. This study aimed to evaluate the metabolic changes and the effects on sugarcane plant growth caused by the application of different doses of glyphosate. Sugarcane plants were grown in a greenhouse and subjected to glyphosate applications at doses of 7.2; 18; 36; 72; 180; 360 and 720 g a.e. ha −1 . Plants grown without an herbicide application were used as a control. Plants from each treatment were collected at 2, 7, 14, and 21 days after treatment (DAT) application to quantify the levels of shikimic acid, quinic acid, shikimate-3-phosphate, glyphosate, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), phenylalanine, tyrosine, and tryptophan. Visual evaluations of plant intoxication were performed at the same time as the collection of plants, and the quantification of their shoot dry biomass was performed at 21 DAT. At doses of glyphosate greater than 72 g a.e. ha −1 , increases in the levels of shikimic acid, quinic acid, and shikimate-3-phosphate occurred and AMPA was detected in the plants. Initially, glyphosate caused increases in the plant levels of phenylalanine and tyrosine at doses of 72 and 180 g a.e. ha −1 , although a decrease in the levels of aromatic amino acids subsequently occurred at and above the doses of 72 or 180 g a.e. ha −1 . The doses ranging from 7.2 to 36 g a.e. ha −1 promoted an increase in plant shoot biomass, and doses greater than 72 g a.e. ha −1 caused significant reductions in dry mass.
Materials and Methods

Plant Growth and Glyphosate Application
Stem cuttings of the sugarcane variety SP801842 collected in the field, from an area of cash crops, were planted in pots containing 3 L of substrate and maintained in a greenhouse. Sugarcane plants received an application of the herbicide glyphosate when they had six fully expanded leaves. In a controlled environment (laboratory), a boom sprayer equipped with four XR 11002 VS nozzles, spaced 0.5 m apart, and placed 0.5 m above the plants was used for applications. The working pressure of the device was 2.0 kgf·cm −2 , with a 3.6 km·h −1 speed and a 200 L·ha −1 consumption of spraying volume. The glyphosate doses of 7.2, 18, 36, 72, 180, 360, and 720 g a.e. ha −1 were applied, and control plants were maintained without receiving an herbicide application. Treatments were arranged in a completely randomized design with four replicates.
Plant Evaluation and Sample Collection
All leaves from a single plant per replicate of each treatment were collected at 2, 7, 14, and 21 days after treatment (DAT) application, always at the same time. The plant material was washed three times in 50 mL of distilled water following collection to remove any herbicide residues that were deposited on leaves and unabsorbed.
All plant material was stored in paper bags and dried in a forced-air oven at 40˚C for 72 hours. The samples were then stored in an ultrafreezer (−80˚C) for the subsequent extraction and quantification of compounds. Visual evaluations of plant intoxication were performed at 21 DAT; a score of 0 corresponded to no injury, and that of 100 corresponded to plant death. The dry biomass of plant shoots was quantified at 21 DAT, by weighing after drying in a forced-air oven.
Extraction and Quantification of Compounds
The dried plant material was macerated in a mortar containing liquid nitrogen, and approximately 100 mg of sample was weighed into and stored in a 15 mL centrifuge tube. Next, 10 mL of water that had been acidified to pH 2.5 was added to the tube containing the sample [16] . The tubes were stirred to homogenize the dry sample with the water.
The tubes were placed in an ultrasound bath with a 42-KHz ultrasonic frequency for 30 minutes [24] . Subsequently, they were centrifuged at 4000 rpm for 10 minutes at 20˚C. The supernatant was collected and filtered using a 0.45 µm Millex HV filter with a 13 mm Durapore membrane and stored in a 9 mm (2 mL) amber glass vial for subsequent quantification by liquid chromatography-tandem mass spectrometry (LC-MS/MS).
The mass spectrometer was a triple quadrupole instrument, and infusions were performed to optimize its conditions, that is, direct injections of 1 mg·L −1 analytical standard solution of each compound were individually introduced into the spectrometer. The ionization source mode (Electrospray ionization, ESI) was chosen based on the infusion procedure, which produces analyte ions in the liquid phase prior to entering the mass spectrometer. The negative ionization mode was used for the following compounds: shikimic acid, quinic acid, shikimate-3-phosphate, glyphosate, and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA). The positive ionization mode was used for the three aromatic amino acids (phenylalanine, tyrosine, and tryptophan).
A chromatographic column (Gemini 5 µ C18 110 Å (150 mm × 4.6 mm)) was used to separate the compounds for quantification in the negative ionization mode, and 5 mM ammonium acetate in water (Phase A) and 5 mM ammonium acetate in methanol (Phase B) were used as the mobile phases at a flow rate of 0.5 mL·min −1 . The gradient employed consisted of 0 -1 minutes 30% Phase B and 70% Phase A; 1 -5 minutes 50% Phase B and 50% Phase A; 5 -8.5 minutes 75% Phase B and 25% Phase A; 8.5 -15 minutes 90% Phase B and 10% Phase A; 15 -18 minutes 30% Phase B and 70% Phase A. A Synergi 2.5 µ Fusion RP 110 Å chromatographic column was used to separate the compounds for quantification in the positive ionization mode, with the same mobile phases and flow rates as described for the negative ionization mode. The gradient employed consisted of 0 -2 minutes 10% Phase B and 90% Phase A; 2 -4 minutes 40% Phase B and 60% Phase A; 4 -12 minutes 95% Phase B and 5% Phase A; 12 -15 minutes 10% Phase B and 90% Phase A. The retention times of each compound in the chromatographic column were 3.86 minutes for shikimic acid, 3.79 minutes for quinic acid, 3.58 minutes for shikimate-3-phosphate, 3.10 minutes for glyphosate, 3.69 minutes for AMPA, 9.71 minutes for phenylalanine, 6.84 minutes for tyrosine, and 10.31 minutes for tryptophan.
Data Analysis
The data for the various parameters evaluated were subjected to analysis of variance using the F test, and the means were compared using the t test (p ≤ 0.05). The standard errors of each mean (mean ± standard error) were assessed. Regression analysis was performed for the glyphosate and AMPA concentration data using a quadratic equation. A logistic equation was used for the shikimic acid, quinic acid and shikimate-3-phosphate concentration and plant intoxication data, and regression analysis was performed for the plant dry mass accumulation data, fitting the Lorentzian model. The regression procedure was performed using Sigma Plot version 13.0 (Systat Software, Inc., Richmond, CA, USA). The regression equations and corresponding parameters are presented in the figures.
Results and Discussion
The highest levels of glyphosate in leaf tissues were observed at 2 DAT in plants subjected to the dose of 720 g·ha −1
. Over the course of the other periods evaluated, for the 720 g a.e. ha −1 dose, the level of glyphosate gradually decreased and was very low at 21 DAT; consequently, the levels of AMPA, which is the main metabolite of glyphosate, increased during this time (Figure 1 ). For doses of 360 g a.e. ha −1 and below, the levels of glyphosate in the plants at 21 DAT were similar to those observed at 2 DAT, which may be related to slower , and the plant concentrations of AMPA increased starting at this dose. There were no significant differences among the periods evaluated, except at the dose of 180 g·ha −1 at 7 DAT. The presence of AMPA may be related to the metabolism of the glyphosate herbicide in sugarcane plants or to the absorption of AMPA metabolite present on the surface of leaves as the result of epiphytic microbial degradation of glyphosate [17] . The detection of AMPA in leaves, stems, and seeds from various crops, including soybean resistant to glyphosate, following its application suggests that glyphosate oxidoreductase (GOX) or a similar type of enzyme catalyzes this reaction [17] [25] [26] .
No increases in the plant levels of shikimic acid were observed in plants at or under the dose of 72 g a.e. ha −1
for any period evaluated when compared to non-treated plants (Figure 2) . Accumulations of shikimic acid were observed above that dose and the greatest accumulations of shikimic acid, corresponding to the doses tested, were observed at 2 DAT, which was the best time to characterize sugarcane plant intoxication by glyphosate. A similar performance to that observed in this study was also reported for young and adult Citrus limonia leaves in which shikimic acid had accumulated to high concentrations at 2 DAT and then subsequently decreased in concentration, indicating a transient effect of the herbicide at sublethal doses [27] . Other authors have reported that the shikimic acid level following glyphosate application may change with time, as noted for young Abutilon theophrasti leaves [28] , wheat grains [29] , and horseweed leaves [30] . The sugarcane plants did not accumulate high levels of shikimic acid, even at the dose of 720 g a.e. ha −1 , which indicates that this dose was not sufficient to cause high levels of injury to these plants and characterizes them as highly tolerant to the herbicide glyphosate. In contrast, shikimic acid accumulated rapidly in adult Beta vulgaris L. leaves, reaching a concentration 80-fold greater than the control by 24 hours following the application [31] . High shikimic acid concentrations have been recorded in several studies, including 0.17 mg·g −1 of A. theophrasti dry mass following the application of glyphosate [32] , an increase in the shikimic acid concentration from 0.4 to 40 µmol·g −1 fresh mass (100-fold increase) in young leaves of soybean non-resistant to glyphosate, and an increase from 0.4 to 12.8 µmol·g −1 (32-fold increase) in maize non-resistant to glyphosate [33] . The concentrations of quinic acid also changed in the shikimic acid pathway at doses of 72 g a.e. ha −1 and above (Figure 2) . This compound followed a similar pattern as shikimic acid, although it was a less sensitive indicator of glyphosate intoxication than the former. High correlations between the levels of shikimic and quinic acids and glyphosate in maize plants have been reported, indicating that quinic acid can be a good indicator of glyphosate-intoxicated plants [34] .
Apparently, quinic acid may act as a reserve compound in the shikimic acid pathway, although its physiological role is not completely understood [15] . A 1.4-fold quinic acid accumulation in pea leaves (Pisum sativum L.) at 15 days after treatment with glyphosate was observed [15] because of the accumulation of compounds in the shikimic acid pathway, and a similar result was observed for shikimic acid, protocatechuic acid, and gallic acid 
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3590 [15] . Similarly, shikimate-3-phosphate had accumulated at 2 and 4 days after the application of doses greater than 72 g a.e. ha −1 because this compound is the substrate directly used in the reaction catalyzed by EPSPS (Figure 2) . The quinic acid and shikimate-3-phosphate acid exhibited dynamics very similar to those of shikimic acid in sugarcane plants, although the relative increases were smaller.
The levels of phenylalanine and tyrosine had increased compared to the control at 2 DAT for the glyphosate dose of 360 g a.e. ha −1
, and there was a nearly 2-fold increase in these amino acids relative to the control at the glyphosate dose of 72 g a.e. ha −1 ( Table 1) . The correlation between the phenylalanine and tyrosine levels in the leaf tissue may be related to the formation of these two amino acids from the same precursor, prephenate, following the branching of the shikimic acid pathway. There were small variations in tryptophan in plants subjected to various doses of glyphosate during this same period, and the levels of tryptophan were greater than or equal to the control at the majority of doses ( Table 1) . A possible explanation for this observation is that tryptophan is the aromatic amino acid that is least sensitive to glyphosate inhibition [34] . Compared to non-treated plants, an increase in tryptophan concentration was observed in Cyperus rotundus seedlings 3 DAT with glyphosate [35] . The levels of aromatic amino acids were analyzed in Nicotiana plumbaginifolia cells 4 days after supplementing the culture media with 100 µM glyphosate, and decreases of 59% and 77% in the tyrosine and phenylalanine concentrations, respectively, were observed, while the tryptophan level only decreased by 13% [36] .
At 14 and 21 DAT, small increases in the concentrations of the 3 aromatic amino acids compared to the controls were observed at the glyphosate doses of 18 g·ha −1 for tryptophan and 36 g·ha −1 for the other 2 amino acids ( Table 1) . Decreasing trends in the levels of the 3 amino acids levels occurred at the dose of 72 g·ha −1 and Relative phenylalanine (treated/non-treated) above at 7, 14, and 21 DAT. The levels of phenylalanine and tyrosine slightly increased again at the dose of 180 g·ha −1 and above, albeit still below the control levels. This slight increase in the levels of amino acids in plant tissues subjected to the greatest doses of glyphosate at 7, 14, and 21 DAT may be related to protein degradation and the release of these amino acids in tissues. Aromatic amino acids are used not only for protein synthesis in plants but also as precursors of a large number of secondary metabolites [12] .
A marked increase in the concentration of phenylalanine was reported for Brassica napus plants in response to concentrations of 1 µM and 10 µM glyphosate, although the concentration tended to decrease to levels lower than in non-treated plants at higher glyphosate concentrations [19] . Although glyphosate is responsible for blocking the biosynthesis of aromatic amino acids, it often fails to produce a clear decrease in the levels of phenylalanine, tyrosine, and tryptophan when the concentrations of plants exposed to glyphosate are compared to the concentrations of control plants.
A transient effect of glyphosate on the total levels of aromatic amino acids was also observed in Citrus limonia plants subjected to various doses of glyphosate, with decreases at 2 DAA and increases starting at 4 DAA, regardless of the glyphosate dose evaluated [27] . A decrease in the levels of aromatic amino acids (the sum of phenylalanine, tyrosine, and tryptophan in relation to total amino acids) occurred in pea plants treated with glyphosate from the first day after the treatment, although the levels of amino acids increased again after this initial transient drop [15] .
Plant intoxication symptoms were observed at the doses of 72 g a.e. ha −1 and above at 21 DAT (Figure 3) . The symptoms were very severe at the two highest doses, significantly compromising plant development. In addition, the increases in the levels of shikimic acid, quinic acid, and shikimate-3-phosphate compared to the non-treated plants at the same doses indicates the absence of negative effects in this regard at lower doses.
The dry mass of the plants was significantly reduces at doses of 72 g a.e. ha −1 and above, and there were signs of injury to leaves (Figure 3) . However, plants produced greater biomass compared to the control treatment at doses ranging from 7.2 to 36 g a.e. ha −1 at 21 DAT. The stimulation of growth of a number of species subjected to low doses of glyphosate has been reported and discussed by various authors [37] - [39] . Glyphosate applications at the dose of 1.8 g a.e. ha −1 reportedly provided an increase in sugarcane shoot and root dry mass compared to plants that received no glyphosate application [40] .
Conclusion
At doses of glyphosate greater than 72 g a.e. ha −1 , increases in the levels of shikimic acid, quinic acid, and shikimate-3-phosphate occurred, and AMPA was detected in the plants. Initially, glyphosate caused increases in the levels of phenylalanine and tyrosine in plants at doses of glyphosate of 72 and 180 g a.e. ha −1 , although a subsequent decrease over time in the levels of these aromatic amino acids occurred at these doses. The doses between 7.2 and 36 g a.e. ha −1 promoted an increase in plant shoot biomass, while doses of glyphosate greater than 72 g a.e. ha −1 caused significant reductions in dry mass. 
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